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bndezvous, Proximity Operations and Capture 
Q::ality Function Deployment 

Report 

Rendezvoue, Proximity Optrations, and Capture (RPOC) is a misoione agerations area 
which is extremely important to present and future space initiatives and must be well 
plamed and coordinated. To eupport this, a study ham was formed to identify a specific 
plan of action using the Quality Function Ileployment (QFD) process. This team was 
composed of members fiom a wide spectrum of engineering and operations organizations 
which are involved in the RPOC technology area. 

The key to this study's success is an understanding of the needs of potential programmatic 
customers and the technology base avail~bls for system implementation. To this end, the 
study team conducted interviews with a variety of near term and future programmatic 
customers and technclagy development sponsors. The QFD activity led to a thorough 
understanding of the needs of these custom~rs in the RPOC area, 'as well as the re1a;ive 
importance of these needs. 

The sponsor of the RPCC QYD effort was Gregory C. Hite, Chief of the Navigation and 
Guidance Systems Branch in the Navigation, Control and Aeromutics Divisicn at JSC. 
Benefits ta be gained from the study are: 

a. A defined, logical a?pror~eh for e~tablishing a RPOC center of excellence; 
b. A plan to evaluate tho state-of-the-art in hardware components and 

software algorithms necessary to implement autc~-:--tic RPOC 
functions; 

c. A plan to d e h e  an acceptable procedure for implemen*.5cn of automatic 
IRPOC functions on both m e d  and unmanned vehicles; 

d. A plan for spending future advanced research and development funds to 
support the KPOC activity; 

e. Confidence in the derived RPOC master plan for achieving the center of 
excellence such that management advocacy exists to implement the 
proposed plm m d  potentid RPOC implementers will come ta this group 
for expertise; 

f. A means to estabiish agreed-upon action priorities; 
g. A long-range planning base for W O C  activities to be implemented over 

an extecded period of t h e ;  
h. Lasting RPOC t e r n  relationships. 



Specific objectivee of the RPOC QFD activity were: 
a.  Collectively understand the elements, functions, and characteristics of 

RFOC, and the products delivered to customere; 
b. Define and prioritize the FY 91-93 activities of the WOC comm.mity to 

meec customer needs; 
c. Define what the leadership could do, in addif an to the RPOC community, 

to better meet the needa of customers. 
d. Establish boundaries for the activity which extend from low earth orbit to 

interplanetary missions for both manned and unmanned missions; 
ascent guidance is considered only as it afbcts the rendezvou phase. 

5. Te-ership and Tecmcal C m  

The WOC QFD team iccluded both civil service and contractor members, primerily from 
the JSC engineering and operations technical community, selected for their specific RPOC 
experience and expertise. The individuals involved are identified in Appendix A. 

Quality Function Dep1,oyment (Qm)) is a fbrmal kchmque for capturing a user's needs and 
mapping them into product and process parameters. I t  consists of techniques for creating 
aad completing a series of matrices showing the association between specific features of a 
product and statements representing the "Voice of the Customer". In other worda, i t  
provides a structure for ensuring that customer's wants and needs are carefully 
considered, then directly transferred into an organization's internal requirements. 

The QFD methodology is a structured process that uses the construdio~1 of the Hot7.j: of 
Quality matrix Ito lead the team members through the process. The House of Quality matrix 
is a tool that, quantifies the results obtained by the QFD team, and allows analysis a t  each 
step in the process. The QFD process and methodology are M e r  discussed in Section 15. 

Early in the RPOC QFB procerss it becarne evident that several of the key terms aarociated 
with Rendezvous, Proximity Operations and Capture, iliustrakd in Figure 1, needed to be 
defined to support a commonality of understandin, and approach. The folIowing 
definitions were agreed upon by hilI team members, and used throughout the RPOC QFD 
precees. 

7.1 Rendezvous 
Rendezvous is the mission phase in which n seriea of scheduled maneuvers adjust the 
orbital elements to achieve desired ofGets in positif n and velocity relative ta anotiier body, 
such that the two bodies are brought into clo~e pn~ximity EO each other with small relative 
velocity. 



7.2 Flyby I 

Flyby is the mission pt'-me in which a series of scheduled maneuvers adjust the orbital !" 
elements to achieve deiired offsets in position and velocity relative to another body, such 1 

that the two bodies are brought into proximity to each other large relative velocity. ! 

7.3 Proximity Operetlons 
Proximity operations is the mission phase which requires precision control of the relative 
position, attitudt\, a d  ve10city between two vehicles and which is characterized bv frequent, 
small maneuvers. This phase includes flyarounds, apprczches, departures, formation 
flying, stationket!ping, docking, berthing, tethering arid othcr operations conducted a t  close 
range to another vehicle. 

Disting ;hing criteria oRern used to establish the range fur the proximity operations 
zone include the following: 

- Where knowledge of the other vehicle's attitude is re2uired for proper system 
operation of each vehi2le; 
- Where loss of communications or inability to execute a translation maneuver 
unacceptably increases the risk of an imminent collision; 
- Ranges a t  which manual operations occur to  maintain one vehicle in proximity to 
the other; 
- Ranges where plums impingement and contamiaration effects must be conaidered. 

Typically the proximity operation zone begins at a range of 2 kilometem. 

Note that the initiation of the proxk2-j operations mis~ion phase is not neceesady 
defined as  the maximula range of the proximity operatioxls seneor(s), since a given aeneor 
may have long range as well as short range capabilities. 

7.4 Statlonkeeplng 
The procedure whereby a vehicle b t c i i n s  a position relative to a second ~sh ic le  witFh a 
prescribed envelape, and during which the aecond vehide doe$ not execute translation 
maneuvers to maintaiin the desired relative position. 

7.5 Formation Flying 
The procedure whereby a vehicle maintains a position relative to another vehicle, or 
vehicles, within a prescribed envelope, and during which any of the vehicles may execute 
maneuvers. 

7.6 Plt2achmentlCapture Procedures 

7.6.1 lhckhg 
A procedure that results in tin attached conditin.1 betwrsn two vehicles by mechmlically 
coupling the two vehicles together in a rigid fashion. The procedure requires a positive 
closure rate to activate the docking mechanism. 
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7.%.!2 Berthing 
The procedure by which two vehicles are attached by means of a manipulator eystem on one I 
of the vehicles. The procedure requires essentially zero relative rates between the two I 

vehicles to effect capture. 

7.63 T t ? W  
The procedure by which two vehicleu are attached by means of a tether cable system. The 
tethered phase  require^ maneuvering by one or both vehicles to maintain stable conditions 
or condud tethered operations. 

i 

'7.7 Operating Modes 

'7.7.1 Aubnomsw 
A mode ir which a vehicle, or system, can evaluate and alter its oper>tion b achieve its 
objective, without external supervision or control. 

7.78 Aubmatic 
A mode in which a vehicle, or system, can perform predefined operations wkthout human 
inten-ention. 

7.7.9 k d  
A mode in wrhch a vehicle or ratem is operated by the vehicle crew. 

7.7.4 T*p?xatd 
A mode in which a vehicle or  syetern is operated remotelv by a human. 

7.8 Vehicle Types 

7.8.1 Active Vehide 
The vehicle which performs translationid maneuvers to effect a rendemou~. This vehicle is 
traditiondy designated the "chaser" vekiclc. 

7.&!2 Pasaim-Vdde I 

The vehicle which does not perform translational maneu17r:rs to effect a rendezvous, but 
may perfom maneuvers to enable a rendezvous. This vehicle ig  traditionally designated 
the "tarqet" vehicle. 

783 Chqmmti\w Vehicle 
A vehicle which provides capabilities (e.g. c o m n d  and control, sensor infornaat~on or  
aid) for the enhancement or accomplishment of a rendezvcus. 

7.&4 U m m ~ m  vehicle 
A. vehicle which does not provide capabilities for the enhancement or accomplishment of a 
rendezvous. 

8 HPQC Elements. Fu- C h m  

The QF3 ham defined a typical RPOC scenario (Figure 11, tb.en identified the elements, 
functions, and characteristics of RPOC that are required to be aceompliehed in the n o m l  



9. ldentlflcatlon of Customers 

Initially the QFD team identified potential customers of RPOC technology. The list included 
a government agencies, private space groups, universities, foreign nationals and industry, 

, - and sewed to identify the kinds of customers needing RPOC technology. Once the customer 
base was dehed,  this list served as a catalyst to tailor the questione to be aeked each of the 
customers aelected for interviewing. 

The liet of RPOC customers (Appendix C) was developed to identify the  breadth of the 
potential customers for interview; f m q  thia liet interviewee8 were eelected. The customer 
intewiew process is described in Appenelix D. The i n t e ~ e w s  were conducted and reviewed 

5 



to identifj the needs of customers and prioritize these needs. The producte to be delivered to 
the ~vstomers are in response to these needs, refldcted in the list of general RPOC functions 
as covered in Appendix B. For example, a ~uetoxner may desire new levels sf reliability and 
fault tolerance in order to satisfy a misbion requirement for an autonomous RPOC vehicle. 
Specifically, the need is for higher levels of reliability and fad t  tolerance for the RPOC 
vehicle and for the types of systems appropriate for autonomous operations. Generally, 
system (and vehicle) reliability and fault tolerance are included in the list of RPOC 
functions. 

The definition of the term 'customer' and the subsequent identification of who are RPOC 
cuetomem is central to this QFD. In the purest sense, a customer is one who seeks tb 
products and services supplied by another, and expects to be satisfied. In this case, i '  - 
supplier is the RPOC community and the RPOC customers are identified by thf 
association with the members of the RPOC community. RPOC! curstomers seek to sati~cq 
their needs within the RPOC community. Programs or contractors may also ocek to acquire 
an RPOC capability or, having the capability, may seek the services or products of other 
community members. In this sense most of the RPOC community are aleo RPOC 
customere; it should be no surprise that the total. list of al.stomers is comprised mainly of 
memhqrs of the RPOC community. 

This ~mderstanding and definition of a customer is both practical and appropriate, since 
the RPOC cornunity members are identifiable as an unstructured group of professional 
individuals or organizations which practices aerospace engineering or operations in the 
RPOC arena, Jr are known to have RPOC expertise, Alternatively, the RPOC community is 
defined as providers of the RPOC functions (See Appendix B). N1 organizations and levels 
are included if they have RPOC offices 01 contractors (who are tasked with RPOC functions) 

I up to the program level, Also included are funding organizations if RPOC programs or 
research are supported by that orgauization. 

Central to the theme (and to the objectives) of (his study, is the definition of the term 'RPOC 
leadership'. The RPOC leadership are also m>mbers of community, but they are hard to I 

distinguish. Formally, leadership aeeks to n:anage and inspire a group to foster self 
improvzrnent, attain identifiable goals, and produce. To the 3POC community, there i 
appears to be ns  identifiable leadership, other than the program or cont~actor i 
management. Although managzaent seek gods (mostly programmatic) and productivity, 
this group does little to foster or inspire self improvement or gods which are community 
related. In these areas, the management seeks its guidance from the RPOC commtnity 
itself and so WOC community leadership is not within management. The reeponsibility ict 
WOC community hadership must rest on its most active members, especiaW'y in the areas 
of adsraced RPOC capability development, new technology development, product or quality 
improvements, process efficiency, and the coordination of such efforts. Establishment of an 
identifiable RPOC c o ~ u n i t y  leadership is eesential to further WOC advocacy. 

The team attempted to  interview representative RPOC customers. Time constraints 
dictated that the number of interviews be limited to rkae. Customers were eelected who 
were expected to have RPOC needs, and were involved in ci variety of programs. The 
customers chosen were: 



Aldo Bordano, Deputy Chief, Navigation, Control and Aeronautics Division, Engineering 
Directorate, JSC. Mr Bordano is JX point of contact fbr development of the NASA Code R 
Integrated Technology Plan which addresses how NASA will develop RPOC technologies. 

Harry J. Budanan, Manager, Cargo Tranefer Vehicle (CW) Project Office, MSFC. The 
C W  currently envisions a need for automated rendezvouo and capture ayerational 
capability. 

Kenneth J. Cox, Chief, Navigation, Control and Aeronautics Division, Engineering 
Directorate, JSC. Dr Cox's division is the lead NASA organizt-:an for the Exploration 
Technology Program for development of automated and autonomous rendezvous and 
capture technology. He is also chairman of the NASA Strategic Avionics Tec:mology 
Working Group (SATWG) which is responsible for identifying g ~ ' ~ a n c e ,  navigation, and 
control priorities, including RPOC. 

John D. BiBattista, Program Element Manager for Autonomous Rendezvous and Docking 
(AIt&D), NASA Headquarters, Code RC. Mr. DiBattista is responsible for development of 
automated rendezvous and capture technology within NASA. 

Allan L. Dupont and David B. Weaver, Lunar and Mars Exploration Program Office, JSC. 
Messrs Dup~r,t and Weaver are responsible for mission development and operations in the 
Lunar and Mars Program Office. The current planning for flights to the Moon and Mars 
anticipate use of alltomated and autonomous rendezvous m d  capture technology. 

Claude A. Graves, 6. Chief, System Engineering Division, Engineering Directorate, 
JSC. Mr Graves is responsible for advanced systeme concepts development and identifying 
technol~gy requirement8 and issues. 

Fred Huffaker, Space Exploration Initiative, MSFC. Mr. Huffaker, in the Program 
Development Office at MSFC, is responsible for analyses, concepts, and requirements of 
transportation systems supporting missions to Msus. 

Mark B. Nolan, Manager, Technology and Commercial Prnieetc: Office, New Initiative 
Office, JSC, Mr. Nolan is responsible for coordination of techu:logy development a t  JSC r 
the application of unique JSC eqertise to engineering and skrat iond problems in LA_ 
RPOC area. 

Robert C. Ried, Chief Engineer, Lornar/Mars Exploration, Engineering %rectorate, JSC. 
Dr. Xed is responsible for caordinating engineering solutions to the problems of Lunar and 
Mars exploration across tne many engineering disciplines a t  JSC. Me also advises the 
Director of Engineering on application of JSC expertise to LunarNars engineering 
problems involving RPOC. 

The B t y f l ' r e e  Diagrams of the customer nee& and technical eolutions are shown in 
Tables 1 and 2. The results of the RPOC QFD process are shown in Tables 3 and 4 and 
Figures 2 aad 3. The use of the Home of Quality tool enabled the RPOC QFD team to focus 
upon the real drivepa and identie which. customer need8 carried the highest ratings. 



Alth~ugh the top 3 customer needs were anticipated, the priorit,y of some others was 
somewhat of a surprise to team members. 

What was more of a surprise for th9 team members, were the priorities of the technical 
solutions, although given the cuetomer's needs, the heavy emphasis upon demonstration of 
technology was not eurprising. The red  surprieo is that cuetomers' need for demonstrated 
technology ie qot currently being met within the RPOC community, and customers felt this 
was a critical item. 

Good definitions of the customer needs and the technical eolutions are d t i d  for achieving 
a common understanding within the RPOC community, This results in clearer direction 
and mutually satisfactory agreemea.ts among the numerous ind.ividuals snd nrgdzations 
involved. Accurate trade-offs and prioritization are essential to success. These important 
definitions are provided in Appendix E for use in evaluating these results. 



Table 1. AffinlFyITree Dlegrarn of RPOC Cusfoma fdseds 

1 Independence I I 
1.2 Ease of Uee I 
1.3 Sffective Functional 1 1.3.1 Navigation 1 
Partitioning ~ a r t i t i o n i g ~  
2.1 Tlnmanned Resuppiy ,2.1.1 Upgradable to Man 

- -. - - -. - . - 

m m e n t  Hendemous i 2.3.1 EGi~tical Orbit 1 
Techniques 
2 4 Efficient Proximity 1 

1 2.5 Effective Space a ' r d c  

~endezvdus 
2.4.1 hG,limize I OLGA ations ~ e c h i i ~ u &  Vehicle Interaction 

2.4.1.1 Maintain Stable 

4.1 hmmse Deaim I 

1 Control 

- 
Process EEciency 
4.2 Accommodate 
Technology Grad & 

2.5.2 Ability to Contho1 2 or 

=neering Operations 
Mmntenance S u ~ ~ o r t  



Table 2. Affinityflree Diagram for RPOC Customer Technical S3lutisns I 

Navigation IInf~astructura 





2.2 Autonomcus RPOC 
2.1 Unmanned Resupply 
2.3 Efficient Rendezvous Techniques 
3.1 Reliable Systems 
5.0 Knowledgeable C~mprehensive Consdta tion 
4.3 Increase Operations Efficiency 
3.3 System Acceptability 
2.4 Efficient Pmximity 0pera'':ns Techniques 
4.i Increase Design Process Efficiency 
4.2 Accommodste Tachnology G r o ~ &  & Insertion 
1. I Optimize Degree of Independence 
1.3 Effective Functional Peutitioraing 



F l g u r ~  2. Ilanking of Customer Needs 



- &&Jyt 
8.1 Perfom Systems 6 Technologies Trade Studies 5.9% 
10.1.3 Conduct Multi-Vehicle Flight Demone1;aations 4.?% 
10.1.2 Cond~ct  Unmanned Vehicle Flight Demonstrations 4.8% 
8.4 Perform Statistical Analyses 4.5% 
8.2.1 Perform Simulations - Non-Real Time 4.5% 
8.2.2 Perform Simulations - Real Time 4.5% 
8.3 Perform Hardware Evaluations 3.6% 
10.2.2 Conduct Groun-' T e ~ t s  with Flight Hardware 3.6% 

10.2.1 Conduct Prototype System G ~ Q X I ~  Testa 3.5% 
1.1 Use Incremental Design Appmach 3.4% 
10.1.1 Conduct Shuttle Flight Demcnstrations 3.2% 

8.5 Perform Papid Proktyping & Testing 3.2% 
3.2 Deve!op Advanced Algorithms 3.0% 
3.1 Develop Advanced Sensors 3.0% 
3.3 Deve!op Improved Docking Mechanisms & Facilities 2.8% 
1.9 Use Concurrent Engineer'Jlg Process 2.7% 
9.3 Automate Mission Pianning(Gnd1 % Repl&ming(On-board) 2.5% 
6.1 Provide Effective Te!emetry/Comn: tmd'hTavigation Enfiras~ructure 2.1% 
6.2 Reduce/Standardize Mission Dependen: Reconfiguration 2.0% 
2.3 Develop Integrated Tcchnolcgy Plan 2.0% 
2. i Perform Survey of SOA RP3C Capabilitie3 1.9% 
2.2 Build Databases 1.9% 
9.1.4utomate Design Process 3f RPOC Systems 1.9% 
6.2.1 ReducdScadardize Flight Software Reconfiguration 1.7% 
7.3 Apply Expert Systems to W O C  1.7% 
6.2.2 Red~c~~Standardize Flight Turnaround Recoafiguration 1.7% 
7.5 Develcp AttitudeAhnslation Control Systems to Minimize Contanination h Plume Impingement 1.6% 
7.2 Develop Tr~jectorgr Approact Techniques 1.6% 
1.5 Use Standrrrdized Interfaces 1.5% 
4.2 Develop Traffic Control Strat-e,gy 1.5% 
r .4 Develop Algorithms for Rendezvous 1.4% 
5.1 Early Definition 8e Maturity of Requirements 1.3% 
4.1 Defme ResupplyDkturn Miasion Requirements 1.2% 
1.2 UM Simple Systems 1.1% 
1.5 Use Redundant Components BT, Information 1.096 
1.8 Use Failure Resistant C~nnponents 1.0% 
5.2 Improve System Req~remei i t s  'hacehility Procea~ 1.0% 
7.1 Perfow Functional Analysis on .MI RPOC Sysi~lns  0.9% 

1.6 Use Friendly Interfaces 0.9% 
1.4 Use Coneervative hbrgirls 0.8% 
4.4 Define Operating Modes 0.8% 

;.7 Defire System 



Figure 3A. Ranking of Tschnlcal Saiutians to Customer Meeds, Par! 1 
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The time interval of FY91-93 is short compared to the h e  needed to design, build and 
accomplish a project in space. However, the activities of the RPOC community in t%s 
interval &odd be focused on S t i a t h g  efforts that can produce large results in the yeais 
following FY93. The major areas recommended rbr activity are identified in Section8 12.1 
and 12.2. They are inter-related and should be performed in parallel. 

The activities recommended here can be done only with management awareness, 
concurrence, approval, and support. These activities will require man-hours from specif * 
personnel and some qxpenditure of resources that require cost accounting by the 
participating organization. Management approval is required if the effort is ta continue. 

A logical atart; for approval is with the management of the organizations that ~uppofi~ci  
this RPOC QFD. They have the resources to support their activities and qutside contach to 
influence management in other needed organizations. Their support is crucial to the 
acwm~llshment of the tasks that follow. 

12.1 RPOC Community Fomatlom 

Until now, +he RPOC community has been divided and eegmer'3d by organization ,e.g. 
NASA center, commercial company) andor by program over how to equitably distribute 
and a h - e  the limited h d m g ,  manpower skills, an6 facilities needed for RPOC activities. 
&r listening to customers from different prcgrams and organizations say essentially the 
same things, slnd realizing that each does no+ have the total resol 3s necessary to 
accomplieh their needs and goals, i t  is apparent that the  organization^ involved in WOC 
nee ' the strength available fiom a coogerati:*a forum. 'fierefore, it  is recommended that 
the ustomere and implementer~ of RPOC eetablish such a fonun. The goal of this 
organization is to: 

Provide technical interchange and support among members, share 
resources, and advance the development of RPOC capabilities for future 
space endeavors. 

The formation activities ehould indude the following 

a. Establish contacts and lines of communication. Pdentifv who the RPOC players are 
in government, industry, academia, and i n k r a a t i o d y .  Where are they located? Who are 
the pointe of contact for each WOC discipline? 

b. Identify resources. Wfiat are our capabilitiee and reeourcee? What are our 
strenghs and weaknesses? Establish mutual RP0C strategic plane coneistent with NASA 
direction (i.e., funding, manpower, skills, data, equipment, facilities). 

c. Compile a list of activities. What are we doing in RPOC? What are the immediate 
needs? What me the long term needs? Identify and understand our customers, suppliere, 
and products. 

d. Begin to organize. How do we organize and structure our community to tdke 
advantage of collective etren,&s and effectively minimize r e d u n b c y  and overlap? Will 



J 
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the organization be vague in the formal sense because of the many participants and 
organizational agendas? How do we maintain an active and cooperative environment a t  the i 
working level? . I 

! I e. Establish regular technical excharnge meetings through existing forums (e.g. l 

SATWG - Strategic Avionici~ Technology Working Group). < ,  

r 
12.2 Addressing Customer Nseds. 5 I 

Besed on the current schedules for programs needing WOC capabilities, it is essential that 
the immediate efforts in the RPOC community address the long-term customer needs. 6 

Bnsed on the interviews with customers and discussism within the RPOC QFD team, there 
is one effort that seems to addrees the multiple needs of the RPOC customers: 
demonstrating RPOC capability in space with a level of independence beyond that of the 
manual modes currently used in the U.S. Space Program. An appropriate level of 
independence, considering both the needs of impending programs and the levei of 
technology maturity, is a demonstration of autoczted (not autonomous) W O C  between two 
space vehicles. Such a demonstration would address the customer neede of unmanned 
resupply, system acceptability, and demonstrated  system^ and technology. I t  would 
partially address other needs: optimized degree of independence; effective functional 
partitioning; autonomous WOC; efficient rendezvous and proximity operetion: techniques; 
and increased operational efficiency. 

I t  is reasonable for this demonstratim to use eupervieed automation (man-tending or 
moriitomg +th override capability), both to prot~ct the investment in the miasion and as a 
possible standard way of doing automated ?2OC in low ear& orbit in the future. 

Ways to conduct a reasonably priced fight experiment to demonstrate the concepts involved 
need to be explored. Conducting a Space Shuttle Detailed Test Objective (DTO), with free- 
flyers, is one option that was mentioned within the RPOC QFD team. 

To satisdj. RPOC customer needs, the following are r e a m e n d e d  for FY91-93: 

a. Furtlner define, understand, and ieach consensus on ~tpproaches for satisfying 
cuetoner needs; 

b. Collect and analyze pertinent technology data and informa~ion; 

c. Exarrnilae options to demonstrate supervised RPOC automation in low earth orbit; 

d, Develop each option considering high level mission planning, vehicle choices, 
RPOC performance requirements, RPOC instraulaentation choices, initial cost 
estimates; 

e. Select and advocate the most appropriate ahld feasible option; 

f. Establish the options andlor coditions available to f w d  such a demonstration; 



The RPOC QFD team spent considerable time and effort to define and prioritize RPQC 
activities necessary to meet customers needs. The next task is to define, create, arid execute 
the mechanisms required to ~ e e t  the needs of the customers. Oversight of RPOC 
technology development should be more centralized, and placed in a small and 
knowledgeable steering group. The steering group, epecifically responfiible for RPOC 
technology, should be established t o  guide all RPOC technology activities. This multi- 
organization group shod3 be :armed within the RPOC technical development community. 
'eltimate responsibility for development an6 operation wodd not rest with the group; 
rather, the group would be the advocate for RPOC. It would know where the expertise 
resides, and be aware of current and future activities. It would maintain a database of 
reference information about RPOC technologies. Leadership of the group should rotate 
annually among its members. In short, it should be the focal point for all RPOC activities. 

It is not difficult to id~ntify program managers who support the need fcr RPOC 
development. What is difficult, however, is to iind program managers who &re willing 
andlor able to suppclrt RPOC development with funding and personnel. WOC technology is 
easily t raderred between programs, thus preventing duplication of effort. Hswever a non- 
programmatic sponsor for the techoiogy ia needed during Phases A & B, with specific 
program application m d  customization in Phases C 8& D. This is a d i f f id t  situation which 
must be addressed. Customers have a need for RPOC capability, yet wOC capability will be 
8low in developing if fwlding and personnel support are not forthcoming. Tkis, then, is the 
dichotomy. Cuetomers need demonstrated RPOC capability. Yet, without adequat~ ~ h d i a g  
and personnel, the demonstrated capability will not occur in a timely fashion tc aee t  the 
customers' needs. 

The RPOC Quality Function Deployment procees was effective in identifying customer 
needs and in defining promising approaches to eatiefj.iag those needs. 

The top three customer needs - demonstrated systems and technologies, autonomous 
rendezvous proximity operations m-d capture, and unmanned resupply - are interrelated. 
The top potential technical solutions - trade studies, unmanned flight demonstrations, 
multi-vehicle flight demonstrations, s tat ist id analyses, and Shuttle flight demonstrations 
- indicate a strong desire to augment analysis and ground den-onstrations wfth flight 
demonstrations of hardware under actual condiiiom, a-2 a need to reduce the development 
risk placed on new prtzgrsms. 

The uee of demonstrated cjystems and technologies is one way to reduce fisk and minimize 
development costs for new programs. The development of unmanned resupply capability is 
an excellent methad of developing and demonstrating WOC technology systems and 
technology. The development of an unmanned resupply capability also redv.;es both 
reaupply risk and cost via the use of expendable launch vehicles. The risk to h u m  lives is 
removed, the risk of launching low-vdue items with a high-value national asset (the Space 
Shuttle) is removed, and the cost of delivering the items can be reduced by using a lower 
cost vehicle with potentially smaller grt.rnd olperations requirements. It hae the added 
benefit of being demonstrable in low-earth orbit using technology that is largely available. 



The development of an autonomous RPOC capability can reduce operational costs even 
further by reducing or eliminating dependence on ground command and control 
operations, or by eliminating the need for expensive command and control inf~astructures. 
This capability can build on the success of an m a n n e d  resupply capability in low-eszth 
orbit. Autonomy is an esarential capability for unmanned planetary missione requiring 
multiple vehicles, and may be required for manned missione as well. 

The challenge is to provide a focus for the efforts of the RPOC community wwhh will enable 
NASA to: 

advance RPOC technology in a number of techicdly challenging areas; 
establiah intercenter and governmena/industrylacademia working re?q.tionships; 

* build momentum and enthusiasm; 
* provide tangible evidence of progress; 

pmvi6 !light perfamance data for use by current and future programs; 
remove traditional impediments to rapid development of new systems; 
use limited funds most effectively. 

The Exploration Technology Program has planned technology development of autonomous 
rendezvous and docking capability, emphasizing requirements development and ground 
demonstrations. A logical extensicn of that plan is flight demonstration aimed at  proving 
concepts and components. The DOD Delta Star project danonstrates thti'., given a clear set 
of objectives, reasonable funding, and a maximum amount of delegated responsibility, 
concepts can be turned into missions in a relatively short period of time. 

A plan for a Shuttle Gght demonstration should attempt to use a maximum amount of off- 
the-ahelf components in pr~gressively more sophisticated Detailed Test Objectives (DTOs). 
These missions could uee low-cost, functional test vehicles which exiat only to provide 
platforms for the systems to be tercted. An existing ve.h.icle such as SPAS (Shu.ttle Pallet 
Satellite) codd be modified to provide a target vehicle. These vehicles could be launched and 
retrieved by the Space Shuttle, and could be cornbiked with other missions for effective 
Shuttle utilizction and reduced cost. The flight demonstrations could be ~tructureri in the 
following sequence: 

@ Flight 1 - demonstrate automatic proximity operations and capture with a 
passive target; 

*Flight 2 - demonstrate completion of automatic near-field rendezvous 
mane-avers with a pasgive target PLUS automatic prc i d t y  operationa 
and capture; 

 flight 3 - demonstrate conpletion of automatic far-field rendezvous 
maneuvers (orbit insertion on) with a passive target PLUS completion of 
a automatic near-field randezvou~ maneuvers with a passrve target 
PLUS automatic proximity operatiens and capture. 

- - Thig flight program would demonstrate all ground and onboard functional aspects of 
rendezvous, proximity opsrations, and capture required for unmanned xesupply. The 
program would clearly establish a focus for RPOC technology development, and would 
sati~fy ' lle objectives riizntisned above. An autonomous capability would come later. 

Other, more modest hitwe activities of high vdue include: 



I 
-I Close joint JSC, NSFC, and NASA HQ involvement in additional QFD 

efforts &at either modify or build upon this report. I 

Expansion of the customers interviewed to include pertinent DoD, NASA 
HQ Code M, and industry organizations involved in XPOC activitiee. 
Their needs could them be folded into the existing W O C  QFD House of 
Qudity to see if the hierarchy of needs is eignificantly affected. 

Establish a periodic forum for RPOC related technical interchange, and 
invite all members o f  the government, industry, and academia RPOC i 
community to participate. 

Establish a focal point for the collection and dissemination of RPOC 
related requirements m d  performance data to maximize the uae of 
scarce resources and decrease duplication of effort. 

Undertake a W O C  community-wide eurvey of simulation an3 ar.alysi~ 
capabilities to  catalog the capabilities and ensure c9n.i~' - g of 
simulation and analysis results within the WOC community, 

Periodically review what are the RPOC needs with the t ~ e r  
community and updrte the QFD together with appropriate adjustments 
in the technical solutions as to how we sratisfy customer needr. 

F, 
First application of the QFD procese was in the Kobe Shipyard of Miteubitihi Heavy ;I 

'Industries in 1972. It was introduced to the US in 1983. m e  QFD process offers many , i 
benefits. It promotes effective communication, reduces changes as design entere I +  

production, mid decreases time for design and production phases. I t  also al10.w~ for 
prioritization of product and process parameters along with early identification of 
hardware deei5-n features. Additional QFD benefite inclu3.e identifying targets for cost t 

reduction, reliability, fledbilitv for individud tailwing, and prwisions for engineering i 

breakthroughs. 

However, the QFB process is not without its challenges. PJthough it is perceived as being 
complex, the process has aE exact "cookbook" form. The procesb requires minimum 
training, but the QFD team muet adhere to the procedures. The process requires the Wl 
attention of thz QFD team for the duration of the task. Because of this, management 
support for the project is essential. Team members must be given h e  a ~ a y  from their 
other duties to do a credible QIFD job. 

There are two generally rrcmpted QFD techniques. They care the Four Phased approach and 
the Matrices of Matrices approach, both having common goals and elements. Both methods 
drive towards ~ipecific means to develop technical requirements, and put emphasis on 
uetting priorities st ea31 stage of development. Both provide for the congideration of co~t ,  
reliability, new conc~pb or technology, and for the use of additional tools and techniques as 
appropriate. 



As with any process there are rsquirernents for euccess. First, and foremo~t, is a strcng 
commitment by management tr~ the effort. The QFD process requires dedicated 
participation by individuals who represent all applicable engineering and operations . 
hc t ione .  To be successful, the QFD group neede to be of controll~h~e size, usually 10 or 
less individuals, and every member of the QFD aeeds to have good listening skills. In 
adhtion the QFD facilitator needs a b r ~ a d  understanding of the project and excellent 
communication skills. it ia critical to get the right team members who possese appropriate 
knowledge, and allow adequate time for pr3paration and for team members to overcome a 
sense C: vulnerability. 

The QFD grocees starts with the QFD team identifying who the custnmers are and 
preparing a plan for gathering and analyzing information about the cust~mers. The 
customers are interviewed to identify their needs. Following the ir,terviews, +,he interview 
teame prepare write-ups that identify the customer's weds and separar, ihem fro& 
customer identified solutions. The write-ups are reviewed and agreement received &om 
the customer. The needs are then listed without evaluation of their merits. The QFD team 
conducts a brainstorming session to establish the AfEnity and Tree Diagrams for the 
customer needs. The Affinity Diagram is a A-ouping of customer needs that a-e Pgmilar t~ 
each other and have! common title. (See Tables 1 & 2 for the AdfinityBree Uiagrams for 
customer needs and technical solutions.) The Tret Diagram, sometiiLes referred to as an  
Affinity/Tree Diagram, is the hierarchical crganization applied to thp AfTinitj Diagram. 
Once a hierarchy is established for the Af33nityRkee Diagramd, the key ~2storner needs are 
identified, and definitions far each of the ke;l matomex needa developed. The&- de6.xG"clons. 
discussed ic Appendix E, help to enaure consistency when evaluating the custcmer needs 
1a.ter. The key customer needs are uow transferred to the H~,ae of Q t d t y  (Ap~endix F). 

Next step in the QFD process is  Ito identifgr the relative degree of importance of each key 
customer need, based upon the QF'D team members knowledge and their perception of how 
a customer would rate his identified needs. Not every customer need will be rated for each: 
customer, ody those mentioned in tibe interview kth a specific customer. 

Next is an evaluation of how well customer needs me currently being met, and k e  relative 
degree of planned improksment in the future. The team must d e h e  how far into the future 
they will be evaluating the customer needs. When evaluating the relative degree of 
improvement, the plans wid resources qeeded to implemeni the improvements s h ~ u l d  bc 
realistic. (i.e. don't plan on a 200% improvement, but, only have funding tc get 2596.) 

Within the list oi xstomer needa, there are probably several needs which, if eolved, would 
create excitement within the customer base. These specific needs are -7xgently sought by , 
single customer, or by eeveral customers; solving these needs would generate bignificamt 
amounts of business for an org~ruzation. These are called sales point8 and should be 
icientifiel f=sm among the existing customer needs. Generally, there are only 2-3 major 
s a l s ~  points, and an equal number of mi-nor ones. With the cornpleticn of these 
determinations, a relative weight of importance of the customer needs can be c .dda ted .  
These weights are used as a guide for selecting the key customer requirements on which to 
concentrate time and resources. 

The next major step in the QFD process is to identify ~ ~ c a l  solutio~s to the customers 
needs. This iiet is developed w i t h  the QFD kanrr ushg existing dab ,  combined experience 
fism team members, and teclhnica; interc).mges with the customers. Brainstormiag is 
used to identify additional technical solutione that may nut have been previouly noted. In 
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addition, custoner ideas for technical solutions are also noted. The information is then 
organized using the AfIinityPTree Disgram process to identify any gaps. Identifying gaps 
permits the team to make eure every customer need has at least one techrical solution 
aeeociated with it. Once the technical solutions have been identified, clearly understood 
definitions for the technical so;ations (see Appendix E j  are deveioped so that all team 
members underatand what the +~chnical scslutione mean. 

Following iden+;fication of the technical solutions, a relationship m ~ l ; i x  is developed which 
indicates the relative st.reng:h of a technical solutiolr t o  satisfy a customer need. The 
technical eolutions are evdueted by the QFD Team on the basis of strong, moderate, weak, 
or no relationship between the technical solution and the customer need. For a large 
matrix, QFD team members can be divided into groups to complete eegments. Once each 
coup  has completed their segment, the completed chait can be reviewed by the entire QFD 
team. The team should not expect relationehips between each pair. Also, a technical 
solution which does not address any of the customer needs is oaspect; i t  indicates that a 
customsr need may nnt have been identified, or the ,kchnical solution may be unnecessary. 

??.,E importance weiy\t sf the technical solutions is computsd for each technical solution 
that has a relationskp w i t h  a customer need, by taking the s u m  of a strength of association 
value (9,3,l,or G) assigned to the relationship determined in the relationship matrix times 
the relstive weight of the customer s,eeds that cor~elate f3 that tzchcical solution. 'I'his 
importance weight is then normalized ta deteraineu the relative weight of the technical 
solutions. The:; relative weights indicate the potential prioritj of technical solutions, 
which then mast be balanced aga in~ t  available resources, the dlEculty of prodding the 
technical solution, the potential for a breakthrough, or the need for improvement in  e. 
particdar technical area. 

Next a t e ch i cd  comparison is conducted, identifying how well the W O C  c o m m d t y  is 
capable of eatisfying each technical solution. Specific target values are assigned to as many 
of the techuical solutions ass possible to define specific goals/ranges for designers, and 
estahlisb targets for later t r d e  studies and analysis (See Appendix J). Each target vdne 
must be a,.re4 upor, 3y the Team, and be measwable. 

2 e  last procedure is to ionduct a comparisa of the technical solritions against each other. 
This cornpariaon, known as a correlatio~ matrix: assists in ideati*ng trade-offs and 
intepadions. The completion of th is  step puts the top on the House of Q d t y  and completes 
the development of the House of Quality tool. The tool is then analyzed to identie the 
prirritiefi that BPP indicated. Tdese conclusions can be presented as Pareto Disgrame. or 
bar or pie charts to indicate the relative priorities of the customer needs and the tecbical 
solutions. Strategic and tactical plans can now be developed to implement the conclueions 
indicated by +he QFD process. 

The Kouse of Quality chart is deskbed in detail ic Appendix F. The actual composite 
House of Quality for the WOC QFD process is in Appendix 2. A chronological listing of the 
activities eJ1d the QFD process actually hllowed by the team is presented for reference in 
Appendix H. A list of QFD team observatione is provided in Appendix 1 for consideration in 
airniiar htur -, efforts. 



J. Yeo/JSC Navigation, Control, & Aeronautics Division (EG): Jody served as the 
facilitator. He is currently the Guidance, Navigation and Control !GN&C) System 
Development Manager (SDM) for the Space Station Freedom (SSF) Progr9m. 

3. LamkidJSC Navigation, Control, & Aeronautics Division (EG): Steve served as the 
assistant facilitator as well as the recorder and editor of the documentation. He is the 
NASA Technical Manager for the NASA Headquarters Code R spneored Autonomoue 
Rendezvous and Docking (AR&D) project. 

W. Culpepper/JSC Tracking & Communications Di\i.ision (EE): Bill provided expertise in 
the areas of tiensor technology and hardware development. He supporte multiple NASA 
programs. 

F. E l a d S C  Navigation, Control, & Aeronautics Division (EG): Frank provided expertise 
in the areas of system,. integration and advanced test bed conceytz. He is manager of the 
Advanced Avionics Laboratory, a derivative of the SSF GN&C Emulator Test Bed. 

P. Kac-bar  & S. Solis/C. S. Draper Labs: Peter m d  Sonny jointly represent CSDL in 
providiz: Integrated GN&C System expertise to the team. They've suppoited vsrious NASA 
projects since Apollo, and currently support the Space Shuttle (SS), Ejiace Station Freedom 
(SSF) and the Space Expioration Initiative (SEI) Programs, as well as the A?&D project. 

B. wissingcr/ MzDonnell Douglas Spzcz System Company (hTDSSC): Brad iti the manager 
of the Application and Analysis Support Ccnt~act (AASC) rendezvous, proximity operations 
and tether group silpporting the SS and SSF programs. He is aleo the lead for a task to 
develop an automated rendezvo;;; mission plenning too!. 

F. ClarbLockheed Engineering & Sciences Company (LESC): Fred is the lead engineer for 
the Engineering Support Contract (ESC) group which ia currently supporting the -/IR&D 
t.ask. He has provided tool develcpment o ~ d  analysis support t o  JSC for SS, SSF and 
advanced programs. 

R. Eick/TRW: nick provides project management and systems engineering and integration 
support to the AR&D project. 

R. hleIsiam/JSC Syafoms Engineeriag Division (ET): Bob is Involved with tool development 
and analysis associated with the Mars rendezvous phase of the Space Exploration Initiative 
(SEI). He a l s ~  supports rendezvous analyses for various NASA progrms. 

R. SchaUJSC Flight Design & Dynamics Division (DM): Bnh represented the Mission 
Operations technical community. He is currently performing ana lyss  and trades 
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sssociated with SSISSF rendezvous activities. . . 
W. JacksodSC Navigation, Control, & Aeronautics Division (SG): Bill has szpported 
rendezvous analyses for all NASA programs. He is currently the Head of the On-orbit 
Guidance and Prsx Ops Section. 

hdividuds providing experfise to the QFE team on a part time basis we;e: 
A- l 



E. JonesIGeneral Dynamics: RPOC 
N. SmitIdIvlart!n hlarietta: RPOC 
B. BicknelYMartir, Marietta: QFD process consultart 



The following is the RPOC QFD team compilation of significant elements and fiurctions 
that characterize rendezvous, proximity operations, and capture, or are neceesary to 
effectively understand and work in t h i s  area. 

1, 
" .  

1.1. World-wide RPOC Data Collection 
1.2. PDOC Community Directory 
1.3. a Base Building 
1.4. Synthesis & Analysis 
1.5. Capture as  Applicable from each OrganizationIProgran 
2 
2.1. Technology Requirements Definition 
2.2. RPOC Tech~ology Readiness Level 
S 
3.1. Es'iablish Need For RPOC 
3.2. Define Goals 
3.3. Safety 
3.4. Seyvicing 
3.5. Reliability 
3.6. Maintainability 
3.7. Cost 
3.8. RPOC Benefits Definition 

4.1. Mission Design 
4.2. Mission Coxstraints 

4.2.1. Plume Impingement 
4.2.2. Coll is io~~ Avoidmce 
4.2.3. Out-cf-plane Requirements 
4.2.4. Target Vehicle Characteristics 

4.2.4.1. Cooperative 
4.2.4.2. Uncooperative 

4.3. 'Jonce3hal Deaign 
4.4. Planning Methodology 
4.5. Profile Planning 

4.5.1. Attachment Planning 
4.5.1.1. Tethering 
4.5.1.2. Berthing 
4.5.1.3. Docking 

4.5.2. Separation (Undocking) 
4.6.3. Rendezvous Profile 

4.5.3.1. Lung Rang? 
4.5.3.2. Short &3anpe 
4.5.3.3. Zrhit Characteristics 

4.5 Laanch Windows 
4.5.5. Proximity Operations 
4.5.6. Formation Flying 
4.5.7. Stationkeeping 

4.6. Mission Design Products 
4.6.1. Design Reference Miesions 
4.6.2. Error Budgels (Requirements) 

5.1. Pre-Mission Prsparaticn 
5.1.1. Dispersions (Traject .0~) 
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5.1.2. Contingency Definition 
5.1.3. T ra in ing  
5.: .4. F:ocedures Development 
5.1.5. Rules Development (Systems Operating) 
5. I .6. Safety 

5.2. Real-Time Operations 
5.2.1. Ground Support 
5.2.2. Mission Control 
5.2.3. Sustaining Engineering 

5.3 Post-Mission Analysis/Documentation 
8 m3m 
6.1. MethodsA'ools 

5.1.1. Prototyping 
6.1.2. Simulation 

6.1.2.1. Man-in-the-Loop Simulations 
6.1.2.2. Sun-Eecl Time Simul~t ion  

6.1.3. Statisticel 
6.1.3.1. Monte Carlo Simuistions 

6.:  .4. T r a j e z t o ~  Dispersions 
C.1.S. Analytical Methods 
6.1.5. Test Beds 

6.2. RPOC Product Types 
6.2.1. Performance Analysis 

6.2.1.1. IGN&C Performance 
6.2.1.1.1. Sensor Evaluation 

6.2.2. Trade Studies 
6.2.2.1. Command & Control Partitioning 

Z 
7.1. Modes 

7.1.1. Autonomous 
7.1.2. Automatic 
7.1.3. Manual 
7.1.4. Teleoperated 

7.2. Proximity Operations - 
, -3. Stationkeeping 
7.4. Formation Flying 
7.5. Rendezvous 
7.6. Attachments 

7.6.1. Berthing 
7.6.2. Docking 
7.6.3. Tethering 

8.1. Overali System Integration 
8.1.1. Performance Analysis 
8.1.2. Performance Envelope 

8.2. Integrated Test & Verification 
8.2.1. Ground Demonstration 
8.2.2. Flight Demonstration 

8.3. Configuration Cont,rol 
8.4. Test Facilitias Eequirements Definition 
B 



Integrated System Functional Requirements 
System Design, Development, Test & Evaluation (DDTPzEj 
14.2.1. Data Management System 
14.2.2. Power 
14.2.3. Propulsion 
14.2.4. Integrated GN&C System DefiniLiori 

14.2.4.1. GuidanceITargeting 
1424.2. Control 
14.2.4.3. Navigation 

14.2.5. Commw,ications & Traching 
14.2.5.1. Tracking Sensors 

14.2.6. FDIWDA (Fault Detection Isolation C Recovery/Fault Detectiorr 
& Annunciation) 

14.2.6.1. Redundancy Management 
14.2.7. Mechanical 
System hchitecture 
14.3.1. Distributed System 
14.3.2. Centralizeul System 
Creu~IOperator Interface 
System & Subsystem Integration 
Vehicle Consideretions 
14.6.1. vehicle Under Consideration 
14.6.2. Other V;hicles 

14.5.2.1. Consumables Crrnstr~ints 
14.6.2.2. Sensors 
14.6.2.3. Propellart Capabilities 
14.6.2.4. Ou+,-of-plane Capabilities 
14.6.2.5. Rotation-Translation Effector Capability 
14.6.2.6. Structural Characteristics 
14.6.2.7. Dacking Contact Conditions 
14.6.2.8. Structural Constraints 

Kardware 
14.7.1. Senscrs 
14.7 2. Docking Mechanisms 
14.7.3. Eobotics 
14.7.4. Component Design 
Software 
14.8.1. Fuzzy Logic 
14.8.2. Artificial Ititelligence 
14.8.3. Neural Networks 
14.6.4. Algorithms 

Hardware Interface Programs (HIPS) 



National Space Council 
Space studies Institub 
National Space Society 
L!5 Society 

IleDartment- 
Natiocal Aerospnce Plane (Pr'ASP) 
US Space Command 

On-Crbit Refbeler 
Strategic Defense Initiative Office 
Defense Advanced Research Project 
Naval Research Lab 
Space Systems Div (USAFJAFSC) 

Shuttle Pallet Sakllite (SPAS) 
NASA 

Headquarters 
Code M - George LevidMike Card 
Code R -John DiEjattista 

Strategic Avicnir~s Technology Working 
Groclp - Ken Cox,  chair.^ 

Goddard Space Flight Center- Technology 
J o h n s ~ n  Space Center 
Ames Research Cenker 
Lringley Research Center 
Kennedy Space Center 
Lewis Research Center 
Je t  Propulsion L\b 
Marshall Space Flight Center " 
§tennis Space Cenkr 

U of Alabama Cal Tech 
U of North Dakota MIT 
U of Texas - Austin Johna Hopkins 'J 

USSR 
Japan 

Orbital Semcing Vehicle (OSV) 
H-SI Orbiting Plane (HOPE) 

European Space Agency (ESA) 
Hermes 
Man Tended kee-;  lyer (MTFF) 

1 . .  . -m 
JSC New Initiatives X c e  

Technology & Conmsrcial Projects OfXce 
Solar System Flanet Rendezvous 

Lunar & Mars Expl~ration Projects Office 
Mars RoverISarnple Return CMRSR! 
Mars Observer 
Mars Transfer Vehicie 
Lunar Transfer Vehicle 
Comet & h t e r o i d  XendezvoudFiybjr 

Planetary Surface Syetems (PSS) 
Pers,,:nel Launch System (PLS) 

Lunar & Mars Exploration Program Office 
System Engineering & Integration Office 
Ifission Deuelc-ment & Operations 

Shuttle Deputy Director - L. Nicholwn 
Engineering Integration Office - L. Williams 
Integration & Operations Wice  - H. Lainbert 
Flight Design - J.Harpold, M.Collins, E.Smith 
Laser Docking Sensor Flight Experiment - 

J. Prather 
Assembly Integration Panel 
Assembly Operations Engineering 

Assessment Panel 

Level 3 - JSC Mission Operat i~ns Directorate 
Assured Crew Return Vehicle Project Ofice 
Heavy Lift Launch VehicE&argo Transfer 

Vehicle - MSFC Program Wice  
Polar Orbiting Platform - 
Deployable 3rd Stage - TiS, PAM, Centaur, 
TranStagtt, Delta Star, Delta Zenith 

'ethers 
Tether Applications in Space W.G. - Code M 
Tether Satellite System Rogram Office 

Honeywell International 
Litton 
Aerospace Corp. 
Hughes 
IBM 
CCMSAT 
GElRCA Aerospace 
Lcral C o q  
McDonnell Douglas Space Systems Co. 
T R W  
Rockwell 1nternet.ional 
hhrtin Marietta 
Genersl Devnamics 
bckheed Missiles & Space 
Bceia~g Aerospace 
Southwast Research Institute 
C.S.Dr~per Labs 
Orbital Sciences 
Envircnmental Research Inetitute of 

- Wchigan $RIM) 



Appendix D. The Customer Interview Pmmss 

Interviewing custsrners to determine their needs is a key element of the QFD process. The 
team attempted to anticipate these needs, and get smart, in brainstorming sessions before 
the interviews began. The team prepared a question structure, based upon the RPOC 
characteristics and elements described in Appendix B, with ~i~ecific questions to ask the 
customers. Before each interview, each interview team selected the questiona that were 
most appropriate for the particular customer. Actually interv',ewing the  customers and 
carellly noting their needs was critical to developing the Hcuse of Quality. Trylng to rate 
the importance of various needs vrithout input from +,he c.ustomers would be virtually 
impossible. The interview teams found this an easy thak after hearinp the customer's 
concerns. 

To conduct the interviews, the RPOC QFD 'Learn was divided into teams of finree persons 
each. (Additionally, a sepzrate team went t o  Marshall Space Flight Center.) One 
individual in each team was selected as the primary interviewer, and one was delected as 
primary recorder. (Two teams also used a tape recorder.) All three members participated 
in the interview to varying degrees, but the primary i n t e ~ e . ~ e r  wae charged with asking 
the prepared questions, and keeping the interview on track if tangential issues arose. 

After the interviews were completed, each group made AffinitytTrees ~f individual 
customer's needs, and ranked these in importance on a scale from 1 to 5 (5 being the most 
important). Any items mentioned by the customer that the team decided were not 
~ficdamental needs ?"'hatsn) but rather technical solutions i'hows") to other basic needs 
were carefully noted. Each group prepared a narrative of the: I f i t e ~ e w .  Any "whats" or 
"hows" mentioned in the interview were annotated in the narrative. This served two usefid 
purposes: first, by carefully e x e ~ n i n g  and understailding the narrative, the interview 
groups could double-check their work to  m,&e sure that no needs identified by the cuetomer 
were missed; second, these narratives were returned to customers for review land 
clarification, end to show how their comments were used in development of the RPOC QFD 
House of Quality. Traceability between the RPOC QFD House of Quality and the narratives 
was maintained, and proved usefid to both the customers and the tepm. 



E. DafiJlit~ons of CuSfpJner Needs a TechniGalSplutiona 

The following definitions of customer needs and technical solutions were deqeloped within 
the RPOC QFD team for consistency and to establish a common base of understanding. 
They do not necessarily represent "official" or even complete definitior,~; instead they 
represent a level of completexiess necessary for the RPOC QFD team members and 
customers to achieve a common understanding. 

E-1 RP02  QFD Definitions of Custon?~: Needs 

E-Ll System Operability 

Optimizing the degree to which a system is free from external supertision or control enta 
choosing the Lvel of independence most suitable for achieving ziosion goals consistent w 
constraints. Examples of these levels are autonomous, automatir;, supervised and manual. 

A ~ystem is said to have ease of use if it has intuitive displays and controls. Ideally, an easy- 
to-use system requires minimal training because its functions and modes are intuitive. 
Controls behave in predictable ways, and disrrlays prssent information in a consistent 
manner. 

A design optimization process by which the h c t i o n s  required to perform ar objective are 
analyzed and allocated for efficient resource utilization and maximum performance. The 
functions may be divided among hardware, software, onboad, earth based, other surfaces 
in apace and systems. 

El2 Meet MbshdRam Qlgjectivea 

The use of unmanned spacecraft to deliver to or retrieve from another spacecrafl items 
such as  consumables, waste products, replacement equipment, andl maintenance supplies. 

The capability of a vehicl, s systems to evaluate and alter i ts operetion to achieve 
rendezvous, perform proximity operations and effect a capture with another vehicle 
(cooperative or uncooperative) without external superviaion or control. 

The design of rendezvous profiles. This includes determinstion of targeting offsets 
(aimpoints) t~ minimize propellant usage subject to operational and giidance, navigation 
and control constraints. Consideration must be given to appropriate use of onboard 
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navigation, and its effect on controlling trajectory dispersions. Techniques must also 
contend with lighting constraints, timelines, and phasing. Appropnate targeting must be 
used. Techniques may include the capability to handle rendezvous in highly elliptical and 
hyperbolic orbits, multiple ~endezvous, and rendezvous to a libration point in the earth- 
moon system. 

The development of control techniques used during proximity operations (see definition) 
which take into account sensor performance and result in effxcient propellant usage, 
acceptable pilotinglcontrol workloads, minimum plume impingement and contamination 
effects, and efficient time usage while meeting required safety and consumables 
constraints. The development applies to techniques used during approach, stationkeeping, 
or departure activit.ies between two or more spacecraft. 

This function involves the concurrent ctive control of spoce vehicles (usually two or more) 
relative to a common reference. This reference may be an active vehicle or a non-active 
space base. This ?unction is characterized by procedures such as  formation flying, 
stationkeeping and coilision avoidance. Key initiatives to meet thia need include: (1) 
development of advanced sensors and algorithms; (2) definition of contrd strater] and 
operating zones; (3) sinbulations and (4) flight demonstrations, 

Reliable systems assure that critical funct.ions are supported with a high probability of 
success over the required lifetime by utilizing various system design techniques. These 
techniques may include using: simple, inherently reliable hardware (i.e. hardware with 
high Mean Time Between Failure); or redundant hardware components with the 
appropriate failure detection, isolation and reconfiguration schemes implemented; or 
redundant information derived from dissimilar sources; or uee of conservative design 
margins which allow higher levels of sensor or effector error (thus reducing the likelihood 
of a critical hardware failure). Reliable systems support low program risk. 

Having demonstrated systems and technology implies that a given technology has actually 
been demonstrated before it has to be used by a particular program. This approach lowers 
program risk, because a program manager does not have to develop unproven technology. 
The word "demonstrakd" in this definition is essentially a synonym f ~ r  "proveam. Note that 
the terminology 'demonstrated" technoiogy is in p:,st tense. The program manager does not 
want to be responsible for ,x-ry-ing out the demonstration. 

Ideally, system acceptability is the process by which a system is wmpared k an accepted 
standard and deemed fimctiodly equal to or superior to that standard. In this process, the 
atandard is defined by the appropriate members of the RPOC community. The baseline 
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system becomes certified when it meets the standard. Then, an additional system would be 
acceptable if i t  meets or exceeds the atandards of the certified system. 

In practice, such an absolute standard may be impossible to define, a priori. More likely, 
the standard will evolve over time. Given this, system acceptability is somewhat subjective. 
However, it  certainly is enhanced by using demonetrated technology, reliable systame, and 
a conservative design philosophy; in other words, anything that would make a sy~tem more 
acceptable in the common sense of the word. 

E1.4 Low P r o m t i c  Cost 

This h c t i o n  increases the productivity of engineers defining and designing new onboard 
or ~ T O P L I X ~  systems. The deeign process includes requirements definition and validation, 
system engineering and integration, requirements integration, and product hardware and 
software design. Exampl~s of impmvements include using engineering work stations with 
advmced three-dimensional graphics, improved data bases, automatic software code 
generation, and the use of interactive design groups in a concurrent engineering process. 

Acconmadate technology growth and insertion means to do those things, both during the 
original design and manuf~cture, and during the operational phase, which d l  facilitate 
subsequent technology advancement of onboard and ground hardware and software. 
Examples include the use ~f system modularity, effective hardwardsoftware partztioraing, 
standard interfaces, and hooks for increased automation. 

This refers to efTorts to  reduce the overall resources required (or cost) to accomplish the 
mission objectives of the program duicg the Operations Phase (or Phase D). It includes as 
subheadings: 

a. Creating a Mission & Operations Concept which is most coet effective: Laying out a 
echerne for conduct of missions which trades off cost (or resources required) against setting 
up an operations organization which is required to perform the miseion(s) envisioned by 
the program. 

b. Reduce cost controllable items in the operations effort: This is an effort to 
streamline the operations effort witl~out reducing the real-time operations. This includes 
reducing the replanning and mission preparation required between misrsions, post flight 
reconfiguration for the next flight, facilities costs between missions and the man hours 
used in these hct ions .  

c. Include op~rntions consideration in the definition and design phases of the 
program. 

EL& Knowledgeable Compmhensive Consultation 

This refers to  th.e need that the customer has for consultation concerning all phases of 
WOC. The consulting organization sko~dd possess, or have ready access to, information on 
hardware and software; functions of guidance, navigaticn, control, eensors, structures, 
propulsion, power, vehicle health monitoling, and expert systems; pertinent work being 
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accomplished in government and industry; facilities and support cap~bilities available; 
C 

interrelationship and application of Code R focused tt:chmology, Code M advanced i 
development, and specific vehicle needs with consideration of multi-programs. Particular 1 

customer needs include: ' 
a. Support for funding advocacy: The data and information would be provided to 

program and project managers, advanced activity planrlers and budgetary oficials 10  assist 
them with determining needs, direction, rationale, relative importance of past, preuent and 
future taeks and capabilities in the rendezvous, proximity operations and capture 
community. ' 1 

b. Timeline of Prograxnmatic needs: Rsfers to the need for program and technology 
1 

funding organizations and managers to lay out funding levels and schedules for each fiscal 
year so that projections for future programs can be constructed. 

c. Technical Advice: Refers to the wide area of expert advice needed by customers for 
direction and decision making. 

d. Trades/Simulations/Studies: Refers to the customer need for trade studies, 
simulations and/or testing during the development of programs or systems, and where to 
go to contract for such services. 

E-2 RPOC QFD Deiinitions of Technicel Solutions 

E2.1 DESIGN PHIE0SOP)IfY 

Use 

The philosophy of increasing An conservative intervals from a basic design toward an  
enhanced design that meets the system's total objective(s). I t  implies verification of the 
current design level before proceeding to the next increment and tends to phase in the 
utilization of new systems designs and concepts to lessen the chances of failure. It is also 
concerned with delaykg the incorporation of new technology into designs until that  
technology is sufficiently mature and demonstrated to limit the level of riijk. 

The concept of utilizing systems and designs that have been developed a t  the lowest level of 
complexity necessary ~LI accomplish a task. The multiple use of identical components 
withip a subsystem, subsystem elements within a system, or aoftware modules w i th  a 
software system can also contribute to the sense of having a simple system. 

The philosophy of using the most reliable compone?ts and parts available and/or affordable 
to increase the reliahllity of the eatire system. 

The application of the same component or subsystem in parallel one or more times in an 
effort to offset the impact of failure of a single component or subsystem. Redundant 
information can be derived from dissimilar sources nnd used in the same manner. The use 
of redundancy implies the need for a managing criteria Co handle failures by selecting an 
alternate path within the parallel environment in the event of a failure. 



A system design ia usually based on a set of nominal parameters. The design is expecteci to 
continue to function should any one or more of the paruTetcrs be somewhat off nominal. 
The ability to function with this off-nominal condition mears that the system has margin. 
If' the system cen be designed to remain functional even if some (not necessarily ~11)  
parameters or sets of parameters t~ ! , e  on values beyond what might be expected, that 
system call be said to have been e;signed with conservative margins. Alternatively, the 
system might be said to be robust. 

An interface is a process that allows system building blocks (hardware and software) to be 
connected. A standard interface means that all building blocks (of a certain category) have 
the same interfare and hence their intercon~lecti~ - s  are uniformly defined. The use of 
standardized ' lterfaces within a system design is a rdsitive influence in areas such as ease 
of design, cos- of design, time to complete fabrication, cost of procurement, and ease of test 
and checkout. Standardized interfaces also provide a simple, predictable means of 
inserting technology at a later date. As examples, standard interfaces can apply tc 
electrical power, signal, mechaniral, thermal connections and softw~re modules. 

The employment of connections (visual, audible and tactile) between the system a d  
humans that are comfortable, consistent, easy to use and intuitive tlia human. This 
approach enhances operation of the system. 

The procees, generally early in a program's development, where the system partitioning 
and degrees of autonomy are established with emphasis given to diminish the m o u n t  of 
human intervention and participation required in the operations phase of the task. 

Concurrent Engineering refers to the simultaneous application of three elements 
(management processes, quality function deployment p~ocesses, and quality engineering 
for "robust" design) to reduce product development costs, increase customer satisfaction 
with the products, and reduce the product development time. 

Mampement processes include four points to develop a better "game plan" and three points 
to efi-. i ?loser cooperation: 

,.. II 4 r -  
a)  Concurrent processes (production capability, field support capability, and robust 

quah:;) 
b) Focus activities on qudity, cost, and delivery 
C) Emphasi~e fiatisfact.: ~n as perceived by the customer 
d) Emphasize competitive benchmarking 



a) Integration of the organization 
b) Employee involvement and participative management 
C) Strategic relationship with suppliers 

Quality f'mction deployment (QFD) procesms ensure that the "voice of the cuetomer" ie 
present from the very start of the product development proceos. 

Quality engineering for "robus'," design refers to the ability of the product to keep 
performance close to ideal customer satisfaction under -use ccnditions. It redurjs 
rework of the deoign due to oper3t.ing conditions or production methods, bscauee "quality is. 
developed concurrently with the product design and the development of production and field 
supsort capability". 

[Ref: Clausing, D., Co,,current, E u e r i w ,  Design and Productivity International 
Conference, Honolulu, Hawaii, 6 February 1991.1 

The act of performing a survey (literature searches, government and iadush-; gurveys, etc.) 
to define the state of the art of hardware, software, aystems and facilities associated with 
the RPOC functions and the compilation of collected dab .  

The process of defining and implementing database structures to effectively capture and 
track the characteristics, capabilities and level of matt--ity of RPOC related technology 
(hardware, software, systems and facilities) and tlle subsequent data entry and databdiee 
maintenance. 

IdentiC.;r requirements (needs and timeframe) for technology/advanced development 
activities. Develop and advocate s plan to develop and demoizstrate the technology required 
to  meet the identified systom needs within the desired timeframe. Review md update the 
plan annually. 

Develop the advanced technology required in the sensclrfi area to meet iaentified system 
needs by a specified date. The technology development ghould be evolutionary and 
applic~hl;. to mdtiple programs, if possible. The development should provide for the 
L:uhest possible technology readiness level prior to system incorporation. 

Develop the advanced technology required in the area of software slgorithms to meet 
identified system needs hy m specified date. The technology development should be 
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evolutionary and applicable to multi?le propanti, if possib:e. The development ehsuld 
provide for the highest possible technology reedinees level prior to ayetern incoqoraticn. 

Develop the advanced tec-halogy required in Lhe area of docking mechanisms to meet 
identified system needs ie.g., reliability) by a specified date. The technology development 
should be evolutionary and a;>plicable i . ~  multiple programs, if possible. The development 
should provide for the highest possiblz technology readiness level prior to system 
incorporation. Hardware evaluation facilities should contain new docking mechanism 
concerts. Hardware evaluations should include malfunctions such a s  damage, 
degradation and debris fouling (e.g., insulation). 

B.24 Define W o n  ~ t s c h m s ,  Requirements & Constrain& 

Define the factors affecting the rendezvous, prcrximity operations, and capture (RPOC) - 
related design of resupply missions to an orbiting vehicle or scientific facility, such as 
types/amounts/characteristics of trarlsparted i terns, resupply frequency, characteris~cs of 
the vehicle being resupplied, and trajectory data. 

De5ne the methods and teckniquas required to  control the orderly anti aafe irtovement of 
spacecraft within a pr~defined vo!ume around an orbiting cehicle. The strategy should 
minimize the operatic tlal complexity alrd probability of collisions. 

Based on miesion objectives, vehicle constraints, and the trafEic control etrategy, define the 
regions of space in which a vehicle may or must operate relative to  a baee vehicle. The 
zones are delineated by the dowable operations within the zone. 

Establish the methods by which a spacecraft, will accomplish its fuflctione during specific 
phases in its mission with respect to the level of kutonomy. Basic modes are autonomous, 
aukmatic, supervised, and manual. 

Apply adequate resources and effort at  the very beginning of a project to thoroughly prform 
the trade studiee and sin;illations to yield realistic program and system requirements that 
minimize later revision. A requirement is a specification of sone aspect of s deliverable 
end-item. The term requirement connotes that which is a must, the irreducible minimum 
of acceptability, an imperative, as contrasted to the merely desirable or merely an objective. 



A requirement at the more ~enera l  level defines a b e t i o n  to be perfomed, not how to do it. 
Such requirements are u e d  a t  Level I as broad pyogram objr f , i ~ . x ,  =d in Level ~i for 
system famctions. Level I1 also contains environment, reliability, hr'ehme, verificatioo, and 
project timelines. Level 111 corltainu detailed systems requirements, including functional 
decomposition, performance specification;, and interfaces. 

Early definiti-on and maturity of requirements will greatly increase the design process 
efficiency and thus lower the programmatic casts. 

There are two purposes for requirements traceability. One is to maintain a bidirectional 
bookkeeping process that shows the documentation source of a detailed requirement based 
cn a more genera; requirement. T h i ~  is s dry, bare-bones numerical cross-referencing 
system without explaining the rational or derivation of the more detailed requirement. The 
second aspect of reouirements traceability, equally important, is to document the rationale 
of the derived requirement as contained in a trade study, analysis, simulation, or other 
report. 

Without two-way traceability, e requirement may be overlooked (going from the general to 
the specific), or a detailed requirement may not be updated when a change is made to the 
parent requirement. Without documentation of the rationale or analysie of e numerical 
specification, it will be unknowrr and mchallengeable as to what degree of confidence the 
original author of the performance specification intended to convey, whether the analysis 
has become obsolete, or whether it co;~tains errors. 

This inErastructure consists of the collection of telemetry, commsnd and navigation links 
and the facilities which control, gererate or receive them. The support i: provides to an  
operationhi RPOC vehicle is effective if the RPOC miasion objective: are satisfied while 
providing adequate capability for command, control md monitoring a t  the aame time. The 
infrastructure may have to (for example) support various levels of indegendence, require 
minimum/acceptablc vehicle reconfiguratior, and provide adequate communications 
coverage mci reliability. 

This item zcfere to the efforts to minimi-ze the recosfiguration of re:;sable vehidee and 
systems to meet the mission peculiar requirements of the next flight. Such reconfiguration 
is a necessary cost burden but CP- be controlled andlor standardized where possible. Also 
included in this item is reconfiguration of facilities (Miesion Control Center (MCC), 
c o ~ u n i c a t i o n s  & tracking network, etc.) if called for in the mission requirements. 
Coosiderations of reconfiguration costs should be embedded in the design proceeb for future 
RPQC vehicleb. The acceptability, reliability and ease of use of reusable RPOC 
syatems/vehicles will be enhanced by diligence in this area which, in a wider sense, is 
aimed a t  reducing or controlling the cost of operatic3s. 

List of Mission Dependent Recoafiguration Items: 
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Mission Planning: 
Payload R u l ~ s  Develapment & Publication 
Timeline Developaent Rr Publicatior 
Procedures Develapment & Publica. 
Flight Design Development & Public, ,inn 
All mission verification 

Reconfiguration of Mission Dependent ?-lardware Interfaces 
Reconfiguration of Mission Dependent Software 
MCClLCC Mission De~endent Reconfiguration 
Teamicrew Training (mcludes facilities time) 
Interface Testing 
Payload MountinglSerricing Prelaunch 

This item refers to the efforts to minimize the periodic software reconfig-iaticn for 
reusabie vehicles and systems to satisfy the chsnged requirements which normally burden 
flight software lsads. T h s  is a necessary configuration control task. However, measures 
are needed to accommodate the upgrahng and redesign of fliuht software so as to reduce 4 

the manpower and facility time required. This will be espkciafly importaat as vehicle, 
system, and ground software increases in volume and compiexity with the advent of expert . 

systems, autonomous sy~terns and more ca~ab!e on-board algorithms. In such an  
environment, an inetxcient alid expensive reconfiguration process ivill reflect on system 
acceptability, reliability and ease of use. Accommoda',ion of software re~ouL;~xration 
should be considered early in the system design and continue thoughout the design 
process. Although the ~r imary  aim of this effort is to control the overall coat of oprstions, a 
wider impact is realized. 

This item refers to the effort to minimize +.he non-mission dependent reconfigura!5on 
which is required to prepare a reusable vehicle or system for the next flight. Such 
recofiguration or turnaround activities include inspection, testing, repair, transport, re- 
outfitting and refueling of the reusable RPOC vehicle or system. Also included are any 
ground facilities which require tu~naraund  reconfiguration. Complex and costly 
turnaround requirements will affect the acceptability, rehbllity and ease of use of the 
vehitlelsystem. Turnaround consi2r;ii~icns should enter into the early design process and 
continue during mission scheduling and launch processing. The aim is to reduce the cost 
of operations, but lmpacts in many other areas are evident. 

List of Turnaround Reconfiguration Items: 
Generic Mission Planning: 

Generic Rulus Maintenance 
Generic  procedure^ slaintenance 
Generic F l i ~ h t  Eesigm 
Generic Timeline Maintenance 
Ail Revtriiication 

Repair/Outfitting/Upgrades Processing a t  Landing Site/Launch Site 
Transportation to Launch Site 
Facilities Maintenance 
MCC/LCC/Lmding/Abort Site Turnaround 
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All Generic Training 

E27 Dtsign l3.K-X= Systems 

An iterztive procees by which system functions and nub-functions are progressively 
identified and analyzed as a basis for defining alt. : ~ t t i v e s  for meeting system performance 
and design requirements. Performance requirements are established fo: each k c t i o n  and 
sub-function identified. System functions include mission, production, test and support 
functions. All modes of operatianal usage and support are ccnsidered in the analysis. (See 
MIL-STD-499A) 

P.E ~ s e d  here, *approachn is regarded as the final approach to a target.. Approach generally 
corresponds to the region in whch proximity operations occurs. Considerations include: 
propellant consumption, plt--;_e impingement and contamination, lighting, relative 
attitude, and ssfety. 

The development of rule-based software technclogy applications tc support the system 
functions required to perform the Rendezvous, Proximity Operations m d  Capture mission 
phases. 

These algorithms include any guidance and targeting that are needed for rendezvous. 
Different  algorithm^ are needed for rendezvous in low earth orbit, rendezvous in elliptic, or 
hyperbolic orbita, or rendezvous to a libration point. Other critical algorithms include 
various types of estimation needed for state determination. Expert systems are not 
considered to be a part of this category. 

This may include propuisiofi systems that use inert gases. in this case, plume may still be 
a problem in terms of loads, but contamination problems are greatly ameliorated. Systems 
for attitude control include momentum wheels, control moment gyros, and other non- 
propulsive systems. Minimizing plume impingement and contamination is of major 
concern only during proximity operations. 

This item uses the tern "trade study" in a limited sense, as defined below: 
,An analyeis af competing alternatives performed to aupport decieion making is 

called a "trade study" (or simply "trade"). The criterion for choosing the best alternative is 
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often cost or perfomtince or s Bet of quantities which support a cornpariaon. (Although 
analysis is nct the only method of 3roducing a qusntifiable scale for comparison of 
aiternatives, for the purposes of this QFD, only those trades supported by analysis arc 
included in this definition. Trades supporteci by other means are included along with t.he 
other types of evaluations classed by the tool used, such as "simulations':, "hardware test" 
or "prototyping".) 

A simulation is an aralysis tool conducted with a computer (or computers), containing 
math models of part or ail of a flight system, together with math models of related systems, 
the flight vehicle (or vehicles), the apprdpriate vehicle dynamics and operating 
environments. Typically: time histories of variables are computed. As used in this report, a 
simulation d ~ e s  not cont~ir,  actual system hsrdware, except for ha.nd controllers or 
displays necessary for the madmtichine interface. A simulation study often compares 
alternatives, whose results can be used for comparison. 

A non-real time simulation is one where the simulated time in the math model dces not 
coincide with time in the real  world. This type of simulation does not contaig a man "in- 
the-loop". 

A real time simulation is oae in which ths simulated time coincides with real time. Thia 
type of simulation can have a man "in-the-loop" to judge human factors related to  man- 
machine in tar face^. Typical simulation configurations may con4tain reaht ic  c~ntrole and 
displays, out-the -window scene geazrators, and cockpit mo&upa. AB stated above, as *aed 
in this report, a simulation does not contain other system hardware. (See Section E-2.8.4) 

A hardware evaluation is a test of par!; or all of the W O C  m d  related syi~exns' hardware. 
it  includes tests where the remainder of the system is modeled by a computer (or 
comput,ers) similar to a "real-time sirnuletion" as defined above. Hardware evaluation can 
be a limited physical test of a device or component, or combinations thereof. The hardware 
can be a t  any stage of development, such as engineering models, probtype hardware, flight 
quality hardware, or merely similar hardwart=. 

A hardware evaluation differs from a prototype or flight hardware demonstration in that 
the former ie done in the earlier design stages of a project for the purpose of evaluation, and 
the latter is  done istes in the project, with the final design, as proof of satisfying the 
specifi.cations. A hardware evaluation is designed to prove that the hardware meets the 
performance specificatic: . while a hardware demonstration merely shows that it works, 
somewhere within limit specifictii;iom. 

These analyses utilize statis5cal distributions to  represent vehicle or system performance. 
Performance is determined by various acceptable method6 for sampling, averaging or 
cdculating means and deviations at the Emes data are desired. Other methods (e.g. Monte 
Carlo, Covariance) interpret the statistical performance distribution as an  envelope for 
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vehicle performance, aud the statistical means and variances to forecast utilization 1 figxi-es, lifetimes, mean time between Cailure~ or other desired qumtit ie~.  
1 

Rapid prototyping is z process for quickly developing and testir,g designs satisfjing a 
portion of the system requirements. It provides a basis for requirements verification, 
design concept vp1:<ation, and the final design specifications. Rapid prototyping is 
characterized by quick implementation and testing, frequent revisions, math modeling, 
and simulations. 

E2.9 Develop & MainA& Common Tools 8 Fadties 

Develop an efficient process to accomplish system deeijp and validation (requiremects, 
concept, development). The process should be characterized by: (1) effective, efficient tools 
(i.e., user friendly, graphics workstations which support multiple programdfuoctions and 
use a common databsae); (2) design knowledge capture (to maintain cognizance of state of 
art, technologyladvanced development activities and sources;: and (3) improved study 
methodology (i.e., hands-on, quick turnaround, initially low fidelity with generic radeling, 
then higher fidelity as programs rnaeare and data becomes available). 

Use a tool which will accept the definition of software requirementti in the f o m  of Iagic 
flows, =athematical expressions, module delimiters, data flow diagrams, etc. and will 
prcJuce executsble eofiware code in a form understandable by the developers of the 
requirements. It should include automatic documentation ae a feature. 

Develop a tool which will accept nission constraints (lighting, phasing, seneor capability, 
heytime o p t i d i t y ,  expq:ted dispersiondmcertaintie~, etc.) and will generate candidate 
miesion plans (trajectory, timeline, resource requirements, maneuver placement, etc.). 
The plans should be presente~' e "user-friendly" manner such that quick assessment 
and modification can be made iulu the process repeated if required. The tool whould be "end- 
to-end" such that multiple tools and data exchanges are not required. 

Use the Shuttie as an orbiting test bed fir  evalwtion of RPOC related software, hardware, 
procedures, or techniques. Such demonstrations are needed to accommodate new RPOC 
technology or to prove new components or concepts necesbary for ongoing or new 
programs. 



Use an unmanned spacecraft as an orbiting test bed for evaluation of RPOC related 
software, hardware, procedures, or techniques. Such demonetrations may be needed to 
accominodate new RPOC technology or  tc prove new components or concepts necessary for 
ongoing or new programs. 

Use of multiple spacecraft simultaneously in orbit as testbeds for evaluation of RPOC 
related software, hardware, procedures, or techniques. Such demonstrations may be 
needed to accommodate new RPOC technology or to prove new components or concepts 
neceusnry for ongoing or new programs. 

Conduct tests on the ground (as contrasted to in-flight test) of the complete RPOC eystem, 
using aystem hardware which is an early version of flight-quality hardware. Re12ted 
systems (especially avionics) may also be iccluded In the test, as either simulated or real 
hardware. The term includes both spen loop and closed loop tests, ?he system is typically 
connected to  computers providing appropriate interfaces, and math models similar to the 
simulations described above. System stimuli. environment, and output may be provided or 
measured by physicai test equipment intended to closely approfinsate in-fight conditions. 

Means the same as the preceding definition, except that flight-quality hardware is used. 
Usually extreme measures are taken to control end certify precisely the test conditions, test. 
data, anomaiies, and other occurrences. These tests include functional tests, performance 
tests, acceptance tests, and omcia! qualification test for the hardware and system. 
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The House of Quality Chart, Figure E-1, is a working spreadsheet which shows the 
relationships between customer needs and the technical solutions reeulting from the 
Quality Function Deployment process. The elements of the House of Quality, labeled on the 
referenced figure, are described as follows: 

1 Customer Needs This is a list of the customer needs, also called "Whats", demands, or 
needs. These customer needs are presented a t  a high level because this was a first phase 
QFD. The QFD identified fourteen level 2 and one level one customer needs. These reflect 
the expressed desires of the customers, as recorded in the customer in t... rviews. 

2 Technical Solutions This is a list of the technical solutions, also called "Hows", which 
identify how the customer needs are to be satisfied. The Hows were taken from the second 
level of the tree diagram of technical solutions. There were forty-four Hows identified in 
this study. These were generally idectified by the QFD team, not the customers. However, if 
a customer's response contained 2 Hclw, i t  was included, and if no corresponding What 
was stated, a suitable customer need was inferred by the QFD team, and added to the list. 

3 Relationship Matrix Between Whats and Hows A score was recorded on the House of 
Quality matrix, indicating the degree to  which each How would satisfy a customer's Need. 
Some of the Hows satisfy more that one What, and each What was supported by more than 
one How. The scores are a judgement by the QFD team, based upon their experience and 
knowledge. To distinguish the most important relationships, the scores were Strong 
satisfaction (9 points), Moderate satisfaction (3 points), Weak oatisfaction (1 point), and No 
satisfaction (0 points). 

4 Correlation Matrix for Each Pair of Mows This matrix resembles the Roof of a house, 
which gives rise to the name of the House of Quality. Since many of the technical solutions 
are interdependent, each How supports or negates each of the other Hows to some degree. 
For example, redundancy tends to negate simplicity. The grades corresponded to two levels 
of positive and two levels of negative correlation, as well as  no correlation. These 
relationships were evaluated and determined by the QFD team members, not the 
cuatomers. 

5 Customer Names This element is a listing of the names of those customers who were 
interviewed. To preserve customer confidentiality, names are not specifically associated 
with the study results. 

6 Matrix of Priorities Each What is given a priority rating for each customer, from 1 to 5, 
with 5 being the highest. The Hows are not ranked by priority at this stage; thsir priorities 
are derived subsequently from a formula which includes the What priorities. These 
pri~rities were concerned not with importance per se, but with which What should be 
worked in the future, due to a present deficiency. For examplz, most customers would 
rank reliability as tops in importance; but if reliability were perceived as presently being 
adequate, it might rate a low ranking as to priority of future effort. The priorities are not 
exclusive; several Whats could be given the same priority rating. 

7 Weighted Rate of Importance This i t l ~ e  weighted average for each customer need for all 
customers. This rating is used in the later formula as the symbol "A .  



8 N m d u s t r y  Achievement Ratings On a scale of 1 to 5, NASA md industry are rated 
by the QFD team orr their combined degree of achieving each What, with 5 Being the highest 
rating. One rating is given for the present, or "now", and one rating for the target 
achievement a t  the end of a period of time. The numerical ratio of the two ratings is a 
measure of the degree of improvement targeted during the project term. This ratio, 
designated as "D", was used subsequently in one of the formulae. 

0 Sales Point This item makes a What more important if, in addition to its own fun,rtion for 
the RPOC product, its technology can be used in other pLuiucts or systems. This rating was 
a judgement by the QFD team based upon their own experience, and not baaed upon the 
customer interviews. The allowable ratings were 1, 1.2 and 1.5. This rating ie symbolized as 
"EM in the formulae. 

10 Importance Weight of Customer Nee& The absolute weight for each What was obtained 
by the formula shown in Figure F-1 (F = A x D x E), where the variables have been 
defined above. 

11 Relative Weight of Customer Needs The relative weight is the absolute weight, divided by 
the sum of the weights, expressed as a percentage. This is the final, significant rating of 
importance for each What, weighted by the severd considerations 

12 Importance Weight of Technical Solutions The matrix ranking of each How with each 
'What was adjusted, by multiplying each element in the matrix by the h a 1  importance 
weight of the related What. The resultant column for each How was then summed to obtain 
the importance weight for that How. 

13 Relative Weight of Technical Solutions The relative weight of each technical solution, or 
How, was divided by the total weight of all Hows, and converted to  a percentage, to obtain 
the relative importance rating for each Ho :. 
14 Quantitative Target of Each Technical Solution Improvement is difficult to measure 
unless it can be done quantitatively. For each How, a .-*unerical method of measuring the 
accomplishment of a How was determined. The House of Quality shows the unit of 
measurement, and the numerical target of each How for the project time period. The RPOC 
House of Quality in Appendix G does not show this information because of the numerous 
targets possible with the RPOC technical solutions; the list was too estensive to fit onto the 
chart. However, the RPOC QFD team did identify possible quantitative values of the 
technical solutions by identifying the methods, measurements, and values, where known. 
The results of this exercise are shown in Appendix J. 

16 RPOC QFD House of Quality The actual composite House of Quality for the RPOC QFD 
process is in Appendix G. The chart reflects the details of the highly structured analysis 
approach that is the heart of the QFD process, and the results of the barn's activities. 







The sequence of events for the WOC QFD was as follows: 

3/5/91 L >fined the general objectives for this QFD process. 
Obtaiked authorization and assurance of support from a suitable management 

aponsor. 
Made arrangements for a consultant ta provide QFD training and periodic support. 

* Made arrangements for team support from industry repreeentatives involved the 
RPOC arena. 

S e l d  the organizations needed to be represented. 
Wrote sponsors :etter to supporting organizatiom. 
Assigned a facilitator and assistmt facilitator. 
Ob+&ed organizational assignments of team members. 
Made arrangements for a dedicated area to conduct the QFD for the planned period. 
Establishad a tentative schedule and defmed a statsment of benefits. 

3/21/91 Had a kick-off meeting of the team members with an introduction by the 
management sponsor. 

Initiated ths QED training and used the consultant to help with the Eret few steps in 
the process. 

3/25/91 Worked cut a definitive Qm objective that everyone bought into. 
3/25/91 Brainstormed to define a list of potential customers. 

Worked with management sponsor t~ pare t he  customer list to a manageable sizc of 
customers to be interviewed. 

Define a potential pyoduct list off-line. 
Brainstormed to define the W O C  functions and elements which are and need to be 

accomplished in the normal course of a program. 
Developed a list of RPOC related terns which must be defined. 
Worked as a totd ham to establish these definitions. This turned out to be very tdioue 

and time consumirig. 
4/4/91 . Brainstormed to clefinn a What Tree based on speculation about what the potential 

customer needed. This proved to be very difficult to accomplish because we were unsure 
about what the customer really needed. We were also in a quandary about how to handle 
the wide dispa-ity among potential customers and how to satisfy them all. 

4/5/91 . Bra;nstormed to define a complete list of questions to be asked of the cu~tomere. 
Div.. 'ed into sub-teams and made customer assignments to those sub-teame. 

4/8/91 The individual sub-teams defined the specific questions to be pursued with each 
assigned customer. 

A letter was written to the customers and sent by the management sponsor which 
defined in general the information being sought. 

The sponsoring management staff set up the wtamer i n t e ~ e w  appointments. 
4'9191 * Used in-house "Practice Customers" with some insight into the r ed  customer 

needs to start the intemew poCe8S. 
E~tablished a standard i n t e ~ e w  product package to be generated by the sub-teams. 

This cmsi~ted of the following: 
Customer What Tree with ratings 
Customer interview narrative report which was reviewed by the customer m d  

verified with @or areas highlighted 
Annotation of the customer narrative to show traceability of the needs to the 

reedting Whats a d  Hows in the House of Quality Matrix. 
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4/29/91 Brainatorr: id with the whole group to define a h l  What Afhity/Trw which 
meets the needs of d l  the customem. In some cases, we decided that what the cuetomar 
stated as a need (What) was determined by the team to be a How and was assigned as 
such. 

4/16/91 . Brainstr~rmeci to define a Mow AfEnitytTree 80 that each What had one or more 
Hows which acidressed it. 

Made another round of sub-team customer interview aesipments with a schedule 
established. 

4L22l91 Conducted the eecond round of customer interviews, some of which required 
travel. 

4/29/91 Revisited the What and How Trees to insure that the needs of all our customer 
asre reflected. 

5!2/91 Assigned sub-team responsibility for the definition of each What and Mow in the 
House of Quality Matrix. These sub-teams produced a dewt ion  for each one and 
presented it to the total group for discussion and moddication. Finally individuals 
within these sub-teams were assigned continuing ownership responsibility so that any 
further amplification or modification of these dcfinitiom vodd be document?d. 

4/17/91 Brainstormed with the whole group to score the relationship of the Whats and 
Hows. We did this ia some cases with the whole team and in some caees with sub-teams 
which brought them back to the whole team for review 

4/25/91 Decided to use a single composite weight of the custoaer needs for use in the 
House of Quality Matrix. This composite need weight was an average of the w e i g h  
based on individual customer interviews. 

5/13/91 2rainstonned to define how well we were currently meeting the amtomera needs. 
5/13/91 Brainstarmed to define how well we should meet the customer needs by end of 

m 5 .  
5/14/91 Brainstormed to deiine which of the Whats were major and ruinor Sales Points. 

Calculated the importance weights, relative weights of the W)lrits and resultant 
importance weights of the Hows. 

5/16/91 Barbara Bicksell and Nick Sinith of Martin Marietta developed some examples of 
how to quantify and afiive a t  target values for the Hows. Nick returned and discussed 
this process with us. We +hen assigned the ~sponsibilities for this to the owner's of the 
How definitions. After completion, these items were presented, dimused and m&ed 
as necessary. It was decided that the quantification parameters were more significant 
than the actual target values because actual meaeurement of the parameters may be 
difficult and expensive to implement. 

6/17/91 Defined the correlation between Hows by assigning columns of the matrix to 
teams of two or three people to be worked ic an afternoon. Theee valued were later 
checked for agreement by another team. Any disagreement was brought before the total 
group for discussion and consensus. 
t We attempted to address the first objective for a near-term plan in a brainstorming 
seasion. We looked at t h ~  :lighest priority Haws h m  the Pareh diagram (Figure 3) and 
noted that flight demonstrations of the hardware and a total system were very important 
Hows. We agreed that this vas  an area that had a good yobntial for succeasfd near- 
term activities. We formed an Affinity/Tree of possible flight (or even ground) 
experiments which would meet t i e  customers nzeds. 

5/21/91 In a grol~p discussion, we listed a number of RPOC Issues (which in some cases 
may simply become actions to be worked) which we felt were particularly significant. 
We also listed a few trade studies vhich needed to be conducted very early for a 
 articular program. 
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5/22/91 Management worked up a s  outline of the necessary Cosumentation to complete t .- 
the QFD task. Thifi outline was then broken into pieces and assigned to various I 
members of the team, so that each of the full time members had a part to be written. A .. 
This was done to establish a strong sense of ownership in the final produd. 

f 
2 
i 



1. The right team membership is extremely important! 
Team members need to have a vested interest in the outcome of the process. 
Team membership should span the community of supporting crganizatione 

req-aired for the end product. 
Individual members should have experience in the technical snd political realities 

of their organizations. 
Individual members must be able to asuunae an assertive role in the proceas and not 

be wallflowers. 
The member's home organization must be supportive of the process and allow him 

to devote the n-ssary time to the process. 

2. Management must be willing to invest 'he time necessary for the QFD team to reach ti 
logical conclusion of its work. As a generd guideline, plan on the team needing twice 
what is planned for. 

3. Management support and assurance of the usefulness and actual use of the resulting 
product is absolutely necessary. 

4. The use of "Practice Cust.omers" to stait the interview and What tree formulation process 
was helpful in workmg out the procesa and interviewing skills. 

5. We struggled ?a define the What Aif ini tyhe before wt! talked to customers. The use of 
"Practice Customers" t~ prime the pump was a great help. 

6. The use of sub-teams to make a first cut at the scoring of the re!ationship of h t s  and 
Hows speeds up the process. 

7. The use of Definition o m e n  for each of the Qhts and Mows worked well. M'e generally 
solicited volunteers so that people with the most familiarity with a particular area 
were used when possible. 

8. Brainstorming d-iecussiom sometimes become very fiiitrating, especially late in the 
afternoon. I t  was usually betier to break off them activities for the day when this 
problem became obvious. 

9. Assignments were not always completed on schedule, m ~ d  additiorzl time was needed to 
complete the actions. 

10. Obtaining agreement on definitions is very tedi~us and: time c~nsuming, but individual 
ownership helped epeed the procese. 

PI. There was considerable struggle b decide which custo~ners were moat important, and 
should be interviewed. The team decided to concentrate on near term NASA program 
offices and the technology development offices. 

12. Whats and Hows should be defined as early as possible to properly score the 
relationships. Delaying this caused a great deal of coilfusion and misunders tanh .  
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13. Our team received a two day QFD training course immediately before beginning the I *  

QFD project. It is recommended, instead, that a five day course be taught about twr, ' i 
weeks prior to the QFD project. 

, I  . . . . . . . , 
' 1 14. The Wmt list can vary according to the QFD purpose. Our What list containei. only 

those derived from customer interviews. A complete What list would conk-n d! the 
1 + higher level firnctions of a deliverable end ibm. 

15. The Definitions created by the team for Whats, Hows, and the ~ubject terminology, were 
among the most valuable products of the study. They clarified thinking, were 
educational, and resolved ambiguities. An example was the distinction between 
"automatic" and "autonomous". 

16. Prior to customer interviews, the team made a very complete functional decomposition 
of RPOC functions. This tree identified the procedural steps normally taken in 
defi-ing RPOC bc t iona i  requirements. I t  also contained the hc t i ona l  requirements 
and related hardware or softwere. The hc t iona l  requirement section iocluded 
reliability, environment, life of product, and testing requirements. Making this list 
clarified the thinking of the team md gave them confiderce in the completeness of the 
RPOC subject matter. Future QFD projects n s y  want to follow this practice. For future 
space vehicle progrsms, this preliminary functional decomposition could serve as a 
checklist of things to be done during the design effort, and as an o u + h e  of a 
procurement specification. 

17. Isolation from team members normal duties is essential. The work area for the QFD 
meetings was isolated from the team members' regular offices by Leing i~ an GE-site 
NASA building. This isolation avoided interruptions and distractions. The QFD 
meeting area had two conferenc:! rooms, a computer room, mcl a work table. This 
spacious work ares permitted breakirlg up inta smaller teams upon occaeion. 

18. Computer equipment support is very helpful in canducting team discussiom. OIS 
eqmpment included four desktop computers, a viewgraph projector and screen, and r 

an LCD overlay projector that attached to a computer and used the viewgraph projector 
ta display the computer on a screen. This permitted real time d i s m s i o n ~  ai? changes Y. 

and consensus faster became team members could see what was under discuesion. 
Most team members returned to their offices tc do word processing. 

19. The team was relieved of their other duties by their supervisors, exsp t  that one day per 
week was allocated to non-QFD tasks. 

20. At first the team was puzzled about whether t3 cstegorize a RPOC feature as a What or a 
How. By definition, a Mow is a solution fcr a What. But in a certain sense, every How 
was itself a customer need; that is, a What. It was finally realized that %'hats and 
Hows are a relationship between two features. Each How is also R What, a t  the next 
level, with its o w n  set of subordinate Hows, and so on, ievel by level. Tllus, there is a 
branching of What-How relationship, similar to a ddcomposition of  functional 
requirements. In the QFD study guides, this concept is represented by a chain of 
House of Quality diagrams, in which the Howe of a preceding House become the Whate 
of the next House. 



21. Customer interviews should be recorded on audio tape. Tape would have verified that no 
information was lost or overlooked. 

22. In a similar manner, the team discussions were outstanding commentaries, vigorous 
and innovative. It is regretted that these discussions were not recorded by audio or 
video; usem and well reasoned material was not captured. 

23. The names of the customers interviewed, the transcriptions of the interviews, and the 
Whats and Hows derived from a particular customer, should not be published. This 
preserves the confidentiality of the cuatomere, and allows them to frzel:? and openly 
express their opinions. 

24. Epch customer should be provided a summary of his interview. He then can provide 
corrections where needed. 
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